Introduction smelter production of Cd has increased from 10 ,000 short tons in 1958 to 18, 780 on Cd-plated items, in scrap remelting, and due to environmental pollution. Ibday Cd is ubiquitous in the biosphere. Due to the great concern regarding present and future human health aspects of Cd pollution, a number of reviews of chemical, environmental and biological effects of Cd have appeared (1) (2) (3) (4) (5) (6) (7) (8) .
Cd is very toxic to mammals both during acute and chronic exposure. In biological systems, soluble Cd2+ inevitably exists as coordination complexes with biological ligands, and the toxicity of Cd2+ is beyond doubt mediated through chelation reactions at the target. Although the exact mechanism of Cd toxicity has not been established in any organism, the modifying effect ofmetallothionein on Cd toxicity is widely recognized (9, 10) . Recent reviews of the chemistry of metals with special emphasis on biological effects have been prepared by Martell, Schubert and Nieboer (11) (12) (13) , and two recent reviews (14, 15) were devoted to the coordination chemistry of cadmium.
Chemistry of Cd
A chemical description of the Cd2+ ion, in relation to those metal ions known to interplay with Cd2+ in biological systems, i.e., Cu2+ and Zn2+, as well as those donor groups available for complex formation in the biological systems, may contribute to the understanding of the ligand preference of Cd2+ during Cd intoxication, as well as the possibilities for induction of ligand exchange reactions during chelation therapy.
Together with Zn and Hg, Cd forms group IIB in the periodical table of the elements. Although a few compounds of Cd+ exist, Cd is usually found in valence + 2, with outer electron configuration 4d'0. The polarizability of the Cd2+ ion is rather high (a = 1.8 A3; 16) , and coordination bonds formed with soft donors have a high degree of covalent character. Organic compounds of Cd (R2Cd and RCd+, R = aliphatic) exist (diethylcadmium is used in the production of tetraethyllead), but are unstable and decompose upon contact with water.
The stability of complexes formed between Cd and polar groups, in proteins (mainly those containing N, 0 or S), nucleic acids (the phosphate moieties or the bases) or added chelating agents, depend on energy changes associated with complex formation. The size of these energy changes depend on chemical features of the ligand (and the metal ion, in this case Cd2+), the most important being stereochemical conditions at the ligand, "hardness/softness," the chelate effect and rate effects. These four factors of course interplay, and they cannot be considered independent of each other.
Stereochemistry of Cd2+ Complexes
Information about the stereochemistry of coordination complexes of Cd2+ with biological ligands in aqueous solution is of great importance for understanding the biological effects of Cd2+. However, the largest part of information available concern the coordination chemistry of Cd2+ complexes in the solid state, examined by X-ray crystallographic methods. An extensive review of the stereochemistry of coordination compounds of Cd was recently published by Tuck (14) . From the dlO state of the Cd2+ ion the coordination chemistry of Cd2+ would be expected to be dominated by examples of coordination to four donors of two electrons, according to the inert gas rule. Many examples ofthis are known. However, cadmium is also found in a large number of complexes with other coordination numbers ranging from 2 to 8, in many cases with the structure distorted from regular tetrahedral or octahedral. In Table 1 examples of coordination compounds of Cd2+ are given. It should be noted that, except for the aquocation of Cd2+, the data pertain to nonaqueous conditions, and use of these data for extrapolation to biological systems is questionable.
The only known examples of two-coordinate Cd2+ species occur in gas phase. In aqueous phase such structures are hydrated. The CdBr3-complex has pyramidal structure in aqueous solution, indicating hydration. The only known example of tetrahedral CdO4 coordination is in crystalline CdZn(PO4)2. CdN4 kernels have not been definately proven. However, a few examples of CdC4 are known, and CdS4 coordination is observed with several chelating agents with S-donor ligands, all with more or less distorted Td structure. The stereochemistry of five-coordinated Cd2+ is varied, and many examples of distorted C4, and D3h symmetry have been reported. Examples of CdO5, CdN5 and CdS5 coordination are known, in most cases forming dimers or polymers.
The aquo-cation of Cd2+ is (Cd(H20)62+. Several examples of CdO6 and CdN6 kernels have been reported. The highest number of S reported in hexacoordinate Cd2+ complexes is 4, in the kernels CdO2S4 and CdN2S4, and Cd2+ complexes containing S in the kernel with coordination numbers higher than six have not been reported. (38) and further elaborated by Pearson (39) , mainly on the basis of differences in the stability of metal halide complexes in water. Thus, a typical hard metal ion has the donor atom preference sequence: F-> Cl-> Br-> I-, and a typical soft metal ion has the opposite preference sequence: I-> Br-> Cl-> F-. Based on this definition, Cd2+ is a soft ion.
Several softness descriptors are listed in Table  2 , and values for Cd2+ and other divalent ions tabulated: The ionic index correlates well with ionic interactions and indicates the propensity of the ion to form ionic bonds (40, 41) . The ratio of the sum of ionization energies of an ion over the ionic index, i.e., rYJIZ2 was used by Williams as a measure of softness (41) . Williams and Hale (41) defined the softness parameter Q as
where AHion(g)(MFn) is the coordinate bond energy, i.e., the enthalpy change for the reaction MFn Mn + + nF in the gas phase, and analogously for iodide. Pearson and Mawbey (42) (46) . cCalculated from the ionic index and the total ionization potential (45). related to the number of independent species, e.g., associated with changes in solvation. During complex formation with highly charged negative polydentate ligands such as the polyaminopolycarboxylates, the main contribution to the stability of the complex often is the increase in entropy due to loss of solvation, because of charge neutralization (Table 5 ). In the formation of complexes with uncharged ligands, e.g., the polyamines, the stability is generally due to decrease in enthalpy. Table 5 . Effect of ring size on the chelate effect in the displacement reaction. mutual repulsive forces between the donor groups are overcome by introducing them into one molecule. The chelate effect may be counteracted by adverse energy changes, due to necessary conformational changes during complex formation, especially when strained rings are formed. This is shown in Table 5 : AH more than counteracts the entropy contribution to stability as the ring size increases. 
At a decreasing concentration of ligand, the amount of complex will decrease with (A)6, i.e., extremely fast, and for biological ligands (except water) (A)6 is a very small number. For the formation of the analog complex with a hexadentate ligand containing 6A groups:
and the amount of complex formed is directly proportional to the concentration of the ligand.
Experimentally, the gain in stability due to chelate ring formation has been found to be in the order of 102 per ring formed, i.e., PLA6 could be 1010 PA6 or larger. The obvious consequence for chelation therapy during acute Cd intoxication is that at the nontoxic chelant concentrations the efficiency of chelation therapy can be improved most effectively by increasing the 1 value. This improvement can be obtained by increasing the number of chelate rings formed. According to Table 6 , the introduction of one extra ring may increase 1 by a factor up to 104 (note that the complex MLA, is compared with the complex MLAn+1, thus only part of the increased stability is due to the chelate effect). The other way would be to increase the softness of the chelant's donor groups. According to Table 3 , a change of "N" to "S" can increase ,B by approximately 4 orders of magnitude for complexes with soft metals. Table 7   Table 7 . Stability of complexes between Cd2+ and substituted IDA.
Compound:
ML2/M*L2 
Rate Effects
The formation of coordination complexes in aqueous solution (in complex biological systems it could be called "ligand selection") is dependent on rate constants and equilibrium constants. Table 8 demonstrates a correlation between the aptitude of different ions for hydration and the ionic -index, Z2/r. The rate of exchange of water molecules from the inner hydration layer is largest for the less stable hydration complexes, and inspection of Table 8 demonstrates that also the rate of simple displacement reactions, as expected, is inversely related to the ionic index. The ligand exchange rates for cadmium are generally large for water exchange, simple ligand exchange and complex formation with polydentate ligands (Table 8) .
Thus, equilibrium will be reached rather fast, and after some time the distribution of Cd2+ between different ligands will reflect (1) the affinity of Cd2+ for the ligands as discussed above, i.e., mainly softness, and (2) stabilizing effects, i.e., mainly the chelate effect. Thus, during the initial phase of Cd2+ distribution in the body, equilibrium constants dominate, e.g., during complex formation with serum albumin in the blood stream, and subsequent ligand exchange from serum albumin to metallothionein (MT) in the liver. It has been demonstrated, however, that the process of in vitro chelation of Cd2+ out of the Cd-MT complex with EDTA is determined by the very slow rate of exchange, and not by the equilibrium (53) . It is therefore of importance to consider rate constants for ligand exchange during the discussion of redistribution of Cd2+ after Cd2+ has been bound to MT.
Ligand exchanges are multistep reactions, and different mechanisms exist. The attacking ligand needs an initial coordination site on the complex. This can be achieved by solvent displacement or by displacing one ofthe coordination groups ofthe residential ligand. In the first case, the increased stability of the mixed complex will contribute to facilitate chelate ring opening. In the second case, the ring opening and subsequent displacement normally occur at a much slower rate. During the next step the attacking ligand must become chelated to decrease the rate of dissociation from the mixed complex. Steric hindrance often decreases the exchange rate during reaction steps where several bulky groups simultaneously approach the metal ion. The kinetics of ligand exchange reactions have been extensively reviewed by Margerum et al. (52) .
Effects of Competing Species on Chelate Stability
In biological systems, the conditional or effective stability constants 13' and ' = log -a log aL -b log aM Calculation of 1' for chelation of Cd2+ with EDTA at pH = 7.4 with 2.5 mM Ca2+ present as in human serum (54) gM) (54) , and Zn2+ (-46 gM) (54) compete for Cd2+. These metal ions are partially proteinbound, and exact knowledge about how available they are for competition is not present. Furthermore, chelation of Cd2+ with serum albumin during the initial phase after Cd2+ exposure and with metallothionein later will reduce the conditional stability constants for complexes of Cd2+ with chelating agents even more.
Binding of Cd2+ to Biological Ligands
In vivo, Cd2+can bind to nucleic acids, or to proteins (Table 4) . Several investigations have demonstrated that Cd2+is not found associated with low molecular weight compounds like free amino acids, etc., to any appreciable extend, except maybe during a very brief period immediately after ingress of Cd2+. Proteins offer much more favorable binding sites for Cd2+than nucleic acids due to the soft binding sites formed by cystein residues.
In nucleic acids, the phosphodiester groups offer negatively charged coordination sites for hard ions ions are octacoordinated and bind to N-3 and N-9 from two protonated adenine residues, arranged point symmetrically. Furthermore, the Cd2+ions coordinate with the same two water molecules, and each Cd2+ ion coordinates with two of four NO3-ions. (15, 56) .
Less is known about binding of Cd2+ to DNA. In intact chromosomes from eukaryotic organisms, the DNA is present as a highly organized complex with a large number of different chromosomal proteins, histones as well as nonhistone proteins, the latter containing SH groups, which offer binding sites for Cd2+. A very limited amount of information is available concerning interaction of Cd2+ with chromosomal proteins. In vitro exposure of human lymphocytes to Cd2+ can, however, inactivate the mitotic spindle (57, 58) , most likely by binding of Cd2+ to SH groups in spindle proteins. This inhibition of spindle function, which was also observed with Hg2+, was counteracted by metallothionein induction after prolonged in vitro exposure to Cd2+or Hg 2+ (57, 58) . Sephadex G-75 chromatography of lysates of human lymphocyte cultures after 72 hr exposure to '09Cd in vitro demonstrated binding of Cd to MT (Fig. 1 ).
The affinity of Cd2+ for proteins parallels to some degree the size of the stability constants for the complexes between the Cd2+ ion and the amino acids in the proteins. However, both the carboxyl groups and the amino groups are modified by peptide bond formation. Due to the uniformity of the peptide bond, functional side groups in the amino acids become major determinants of the affinity of metal ions for proteins. (68) .
Effects of Chelation on Cd2+ Toxicity
The possibilities of chelating agents for modifying the acute toxicity of Cd2+ depend on the chelating agent used, the molar ratio between the chelant and Cd2+, the route of exposure and the time lapse between exposure to Cd2+ and to the chelating agent. Reported effects of chelating agents on acute Cd2+ toxicity include antagonistic effects, no appearant effect, and even enhancement of toxicity.
Parenteral Exposure
Nitrilotriacetic acid (NTA) increased the acute toxicity of Cd2+ in rats after subcutaneous exposure (69) . Several Figure 2 demonstrates that both the transport away from the injection site and the accumulation of Cd2+ in liver and kidneys take place much faster when Cd2+ is administered as a complex with STPP than when Cd2+ is administered alone.
Investigation of the binding of Cd2+ to macromolecules by Sephadex G-75 chromatography demonstrated that STPP delayed and decreased the binding of Cd2+ to metallothionein in the liver (Fig. 3) . Thus, soon after exposure, when metallothionein induction has not yet taken place, a high concentration of Cd2+ is present in the liver, able to exert a full toxic potential. The decrease in the liver content of Cd2+ observed at later times most likely is due to leakage of Cd2+ from necrotic liver cells. Sephadex G-75 chromatography (Fig. 4 ) of blood plasma, liver homogenate and kidney homogenate from animals killed 20 min after subcutaneous (SC) injection of Cd2+ or Cd2+ + STPP demonstrated that Cd in blood plasma was distributed in the MW area from serum albumin down to low molecular weight compounds. In the liver, Cd2+ was solely found associated with high molecular weight proteins (fractions 12-14), while in kidneys most of the Cd2+ was associated with high molecular weight compounds, but a small amount eluted in the MT region (fraction [23] [24] [25] . In liver and kidneys Cd2+ was not found associated with low molecular weight compounds. There was no difference between the elution pattern between animals injected with Cd and Cd + STPP. One hour after injection, similar elution patterns were observed for liver and kidney homogenates, while all 109Cd in plasma eluted with high molecular weight compounds, irrespectively of whether Cd or Cd + STPP had been injected. After Sephadex G-75 chromatography, '09Cd and 109Cd + STPP eluted in the low molecular weight area (= fraction 40) . 109Cd + STPP mixed with serum albumin eluted in the high molecular weight area. The unexpected elution pattern of Cd in plasma observed 20 min after injection has been verified in several trials. It may be due to splitting of high molecular weight complexes during chromatography, leading to extensive trailing.
In a study of the effect of cysteine on the renal uptake of Cd (72) as a complex with EDTA reduced the acute toxicity, as well as the liver and kidney concentrations of Cd2+ after 21 days, both when the CdEDTA and when the Cd2EDTA complex was dominating, as compared with the same dose of Cd2+ administered alone (73). Suzuki and Yamamura (74) injected rats intraperitoneally with Cd2 , uncomplexed or complexed with chelating agents with different affinity for Cd2+, and found after 4 days that the higher the stability constant of the complex with Cd2+, the larger the ratio between the kidney and liver concentrations of Cd2+, thus suggesting that the stability constant of the complex would determine the interorgan distribution.
Gastrointestinal Exposure
Eighteen months of chronic exposure of mice to Cd2+ (50 ppm in drinking water) administered as a complex with NTA (500 ppm), STPP (500 ppm) or EDTA (50 ppm) did not change the toxicity of Cd2+, measured as mortality and pathological proteinuria, and only slight changes in the concentrations of Cd2+ in liver and kidneys were found, as compared with administration of Cd2+ alone (70) . Chelation of Cd2+ with EDTA or BAL reduced the absorption of Cd2+ from ligated intestine after injection into duodenum in rats, as measured by 109Cd uptake into intestinal tissue. In addition, the liver and blood concentrations of Cd2+ were decreased. BAL reduced the amount of Cd2+ in the kidneys, while EDTA increased the amount of Cd2+ in kidneys, yielding a maximum at around 1.5 hr, while other much weaker chelating agents (cystein and gluthation) only marginally changed Cd2+ absorption (75) .
The mortality in mice during 21 days, after administration of Cd2+, either by stomach tube or by direct injection into the duodenum was significantly decreased when Cd2+ was given as the CdEDTA complex (Cd:EDTA = 1:4, molar ratio). However, when the predominating complex was Cd2EDTA (Cd:EDTA = 1:0.4, molar ratio), the toxicity was identical to that exerted by the same dose of Cd2+ administered alone (73) . The reduced toxicity of the CdEDTA complex was accompanied by a reduced liver and kidney burden of Cd. The reason the toxicity of the Cd2EDTA complex approaches that of the Cd2+ ion is most likely that the Cd2EDTA complex can split off one Cd2+ ion (73) . The mortality during 3 weeks after a single dose of 60 mg/kg Cd2+ given by stomach tube was not changed when Cd2+ was administered as a complex with NTA (600 mg/kg) but was totally abolished when Cd2+ was complexed with STPP (600 mg/kg) (76) .
Translocation of Cd2+ from Liver to Kidneys
In experimental animals, the liver has been found to contain the largest amount of Cd2+ dur-ing chronic Cd2+ exposure although the kidneys after prolonged exposure eventually may contain the largest concentration of Cd2+ (77, 78) . The Cd2+ deposit in kidneys is stable and urinary Cd2+ excretion is low before tubular damage has been induced (79, 80) . Thus, Cd2+ concentrations of the order of 200-300 mg/kg in kidneys may be reached, and such concentrations have been suggested as the critical concentration for induction of kidney dysfunction (6, (81) (82) (83) (84) . After induction of tubular damage, urinary Cd2+ rises sharply (85) , and Cd2+ bound to MT is excreted into the urine (86, 87) . During the period before induction of tubular damage the interorgan distribution of Cd2+ is mainly due to slow translocation of Cd-MT (and the small amount of non-MT bound Cd2+) from the liver to the kidneys (78) . The retention half-life of a single dose of Cd2+ in rats has been measured to be 73 days in the liver and at least 1240 days in the kidneys (88) . Most likely this translocation involves transport of liver Cd-MT complex, because circulating Cd-MT complex has been demonstrated in the plasma of mice and rats after prolonged Cd2+ exposure (86, 87, (89) (90) (91) (92) (93) (94) , and MT has been demonstrated in the plasma of rats already 1 day after a single dose of Cd2+, by the use of a radioimmunoassay (95) . MT has also been demonstrated in plasma and urine of Cd exposed humans (94, (96) (97) (98) (99) (100) .
Parenterally administered Cd-MT complex is preferentially absorbed by renal tubules (101) (102) (103) (104) and exert a much higher renal toxicity than Cd2+ administered alone (79, 103, (105) (106) (107) . After glomerular filtration and tubular resorption, the Cd-MT complex is rapidly degraded, and Cd2+ is re-incorporated into renal MT (63) (64) (65) 108) . During the period of slow translocation of Cd2+ from liver to kidneys, biliary excretion seems to contribute considerably to Cd2+ detoxification (109).
Nordberg et al. (110) concluded that, after longterm Cd2+ exposure, the largest amount of soluble Cd2+ in mouse blood cell hemolysate was Cd-MT complex in erythrocytes. In vitro exposure of human lymphocytes to 109Cd2+ showed that induction of MT synthesis and Cd-MT complex formation occur in lymphocyte cytoplasm (57, 111) . Quantitation of Cd2+ in plasma as well as in red and white blood cells, 60 hr after a single dose of Cd2+ to rats, showed that, although the highest concentration of Cd2+ was found in white blood cells, the most important contribution to the blood content of Cd2+ was Cd2+ in erythrocytes, mainly bound to cell membranes. Cd+ in the erythrocyte cytosol was partly bound to high molecular weight proteins, partly to a protein with MW like MT (112) . (115, 116) . Since CCl4 is nephrotoxic and induces proximal tubular damage (117) , evaluation of these studies in relation to the toxicity of Cd-MT to the proximal renal tubule is difficult.
Little is known about effects of chronic liver damage on Cd2+ translocation. In an unpublished study, Andersen et al. (118) found that the rate of translocation of Cd2+ from liver to kidneys was increased in mice with hepatic necrosis induced by chronic PCB exposure. Mice fed diets containing 0, 10, 25, 50, 100 or 200 ppm PCB were given a single SC dose of 109Cd (see Table 10 ). Dietary PCB exposure for 36 weeks induced dose-dependent pathological changes. In the group fed 200 ppm PCB centrilobular liver cell enlargement with increased diameter of both cytoplasm and nuclei was seen, as well as focal necrosis with Kupffer cell proliferation. Some confluent necroses, a few macroscopically visible, were also observed. In mice killed 2 weeks after a single SC dose of 109Cd2+, slightly lower amounts of Cd2+ were present in the liver and slightly larger amounts were found in kidneys in animals exposed to 100 and 200 ppm PCB, as compared to control animals. Fifteen weeks after SC 109Cd2+ exposure, a dose-dependent, highly significant reduction in hepatic Cd2+ content was observed; this decrease was, however, not followed by a comparable increase in the kidney content of Cd2+ (Table 10 ). Thus, during the presumably very slightly increased rate of translocation of Cd2+ due to PCB-induced chronic liver damage, some of the mobilized Cd2+ seem to be excreted, probably in the urine. Whole body counting of the animals could not demonstrate PCB-induced changes in the rate of excretion of SC dose of 109Cd2+ during 15 weeks. The difference in liver + kidney burden of Cd2+ between the control group and the group exposed to 200 ppm PCB at 15 weeks is, however, only about 6% of the initial dose (Table 10 ), thereby explaining why a possible slight increase in detoxification rate was not observed.
So far the effect of acute or chronic liver damage on the renal toxicity of chronic low level Cd2+ exposure is virtually unknown. The studies reviewed here indicate that hepatic Cd2+ mobilized due to acute or chronic liver damage is not quantitatively recovered in the kidneys. The possibility does, however, exist that humans with liver damage, e.g., due to excessive alcohol consumption have an increased risk for tubular kidney damage ifthey are exposed to Cd2+. Furthermore, people with a high liver burden of Cd2+ due to former or present Cd2+ exposure may be at risk for kidney damage if acute liver damage occurs, e.g., due to hepatitis. Further experimental investigation of this aspect of Cd2+ toxicodynamics is needed.
Chelation Therapy
According to recent reviews (51, 119, 120) only a limited knowledge is presently available concerning the possibility for chelate treatment of Cd2+ intoxication in humans. Although BAL and EDTA increase the renal excretion of Cd2+ in experimental animals, both antidotes have been reported also to increase the renal injury produced by Cd2+ (121, 122) . Intravenous administration of CaNa2-EDTA (which is superior to the sodium salt of EDTA, which may induce hypocalcemic tetany as a complicating side effect) increases the renal excretion of zinc considerably, and the excretion of iron and copper slightly (119) . Extensive destruction of proximal tubular epithelium has been observed in the kidneys of humans and experimental animals after EDTA treatment (123) (124) (125) . Due to the mobilizing effect on aged Cd2+ deposits, chelation therapy of acute Cd2+ intoxication is contraindicated in humans with any significant previous Cd2+ exposure (6, 119) .
In order to maximize the efficiency of chelation therapy against a toxic metal ion and to minimize the unwanted excretion of essential metal ions (i.e., to obtain a high value of 1B', the conditional stability constant for the complex between the toxic ion and the selected chelating antidote), knowledge about the stabilities of complexes with competing metal ions is necessary. In Table 11 the stability constants for complexes between the most frequently used antidotes and competing metal ions are listed. DTPA, which has proven superior as an antagonist toward the acute toxicity of Cd2+ (126, 127) , forms a complex with Cd2+ several orders of magnitude more stable than EDTA, while STPP and NTA, which in fact increase the acute toxicity of parenterally administered Cd2+ (69) (70) (71) and also PEN, which is without beneficial effects on acute Cd2+ toxicity (126, 127) , form much weaker complexes with Cd2+.
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